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SUMMARY 


The results are presented of an investigation of the effect of 

Reynolds number (between 0.4 x 10^ and 3.0 x 10^) and the addition of 
leading-edge roughness on the aerodynamic characteristics of three wings 
of aspect ratio 1, 2, and 3 , each having a rectangular plan form, square- 
cut wing tips, and MCA 0012 airfoil sections. The lift curves increase 
in slope beyond the low -angle linear range, with the bend becoming more 
prominent as the aspect ratio is decreased. In the region where the lift 
curves start to bend, the slope of the curve of pitching moment about the 
quarter-chord point changes from positive to negative values. There is 
a small but definite scale effect on the lift-curve slope at zero lift, 
and the experimental values of the lift -curve slope are slightly higher 
than theoretical values obtained by the Weissinger method. There is a 
substantial increase in maximum lift coefficient with increasing Reynolds 
number for smooth wings, but with leading-edge roughness added most of 
this increase disappears. Scale effect on the section maximum lift is 
similar to that on the wing maximum lift, but the wing values are some- 
what lower because of three-dimensional effects. 


INTRODUCTION 


In connection with some studies of hydrodynamic control surfaces, 
three low -aspect -ratio rectangular airfoils were tested at low subsonic 
Mach numbers in the Langley low -turbulence pressure tunnel. The three 
wings were of MCA 0012 airfoil sections, had aspect ratios of 1, 2, 
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and 3, and were investigated at Reynolds numbers ranging from 0.4 x 10^ 

to 3.0 x 10 6 . Since the lift and moment characteristics of these wings, 
particularly as affected by aspect ratio, Reynolds number, and roughness, 
may be of general interest, the results of the investigation are pre- 
sented herein. 


SYMBOLS 

A aspect ratio 

C-^ wing lift coefficient 

C T maximum wing lift coefficient 

max 

(C T \ wing lift -curve slope at a = 0° 

V L aya = 0° 

CL , 
m c/4 

a 

R 
M 


wing pitching -moment coefficient for moment about 
quarter -chord point 

wing angle of attack 

Reynolds number 

free -stream Mach number 

APPARATUS AND TESTS 


Models . - The three wings used in the tests were made of aluminum 
alloy which was polished to give a smooth surface. The wings had rec- 
tangular plan forms, symmetrical MCA 0012 airfoil sections, and aspect 
ratios of 1, 2, and 3* The wing spans were l4 inches for the wing with 
A = 1 and 20 inches for the wings with A = 2 and A = 3. The wing 
tips of each wing were cut off square (as by a plane perpendicular to 
the leading edge) . A sketch of one of the wings mounted on the sting 
balance is shown in figure 1. 

Wind tunnel and test methods .- The investigation was conducted in 
the Langley low -turbulence pressure tunnel. The test section of the 
tunnel measures 3 feet by 7. 5 feet. The Reynolds number was varied by 
changing the tunnel speed and tunnel air density. A complete description 
of the tunnel is presented in reference 1. 
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The models were mounted on a sting which employs a conventional 
6-component strain-gage balance. Measurements of the normal force, chord 
force, and pitching moment were taken with the balance. The normal force 
and chord force were resolved to give the lift values. The sting was 
attached to each wing at the quarter-chord point through a notch cut in 
the wing so that the sting touched the wing only at the point of attach- 
ment. The sting body projected above and below the wing contour; there- 
fore, two faired sheet -metal hoods were fitted over the sting to give a 
smooth flow of air. The hoods were fastened to the wing alone and they 
were not allowed to touch the sting. No effort was made to subtract the 
effects of the sting fairing from the balance readings, so that the aero- 
dynamic characteristics presented are those of the wing plus support 
interference . 

It was felt that the inclusion of the support interference would 
not change the scale effects on the aerodynamic characteristics under 
consideration although the absolute values of the measured character- 
istics would be slightly in error because of the support interference. 

Tests . - The tests of each smooth plain wing consisted of measure- 
ments of the chord force, normal force, and pitching moment at Reynolds 

numbers of 0.4 x 10^, 0.? x 10 6 , 1.0 X 10 6 , 1.5 X 10 6 , 2.0 X 10^, 

2.5 X 10^, and 3*0 X 10^. The angle -of -attack range used was a, = -12° 
to a = 26°. The following table gives the free-stream Mach number 
corresponding to each Reynolds number: 


R 

M for wing of aspect ratio of - 

1 

2 

3 

0.4 x 10^ 

0.20 

0.28 

0.21 

.7 

.25 

.20 

.18 

1.0 

.20 

.18 

.13 

1.5 

.19 

.13 

.13 

2.0 

.12 

.12 

.10 

2.5 

.11 

.09 

.07 

3.0 

.11 

.08 

.07 


Standard leading-edge roughness was applied to the wings and the afore 
mentioned procedure was repeated. The standard leading-edge roughness 
was the same as that used in previous investigations and consisted of 
0.011-inch-diameter carborundum grains spread over a surface length of 
8 percent of the chord measured from the leading edge on the upper and 
lower surfaces of the airfoil. 
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RESULTS AND DISCUSSION 


Lift and moment . - The results of the tests are given in figure 2 in 
the form of lift and pitching-moment data for each of the wings with 
"both smooth surfaces and leading -edge roughness throughout the Reynolds 
number range. Although no tare corrections have been applied, the 
results have been corrected for tunnel-wall effects (ref. 2). The lift 
curves for the wing of aspect ratio 1 are not extended to the stall 
because the limit on the angle -of -attack range of the sting mount was 
less than the stall angle. In general, the lift curves are not linear 
but show an increase in slope at some positive lift coefficient. This 
bend is more prominent for the wing with A = 1 than for the wings with 
A = 2 and A = 3* It is interesting to note that the moment curves 
show changes from a small positive slope to a small negative slope at 
about the same angle as that where the bend in the lift curve appears . 

At some higher angle there occurs a sharp negative break in the moment 
curve (or a sudden rearward movement of the center of pressure) . This 

sharp break occurs at C T for the wings with A = 2 and A = 3 

^max 

but for the wing with A = 1 at the lower Reynolds numbers the sharp 

break occurs before C T at a point where there is a slight break 

-Tnax 

(or reduction in slope) in the lift curve. Since no pressure measure- 
ments or tuft studies were made, a detailed correlation of these force 
and moment breaks with the accompanying flow cannot be given. However, 
such phenomena are believed to be related to the development of the 
separated tip vortices and to the development of boundary-layer separa- 
tion on the inboard areas. Similar flows and their mechanisms are dis- 
cussed in references 3 and 4. 

Lift -curve slope .- In figure 3 'the lift -curve slopes, at a = 0°, 
are plotted against Reynolds number for the smooth and rough conditions. 
In general, roughness reduced the slopes only slightly and there appears 
to be a slight but definite increase of slope with Reynolds number. In 
order to show a comparison between the experimental lift -curve slopes 
obtained in the tests and the lift -curve slopes predicted by an accepta- 
ble theory, the following table is given. In the table, the theoretical 
values of Cr are taken from figure 11 of reference 5 (the slopes were 
a 

computed by Weissinger’s method and based on a section lift-curve slope 
of 2rt) . The experimental values of C in the table are for the smooth 

c a 

airfoils at R = 3*0 x 10 b : 


A 

Theoretical (c T \ 

\ nx/a = 0° 

Experimental ^ 

1 

0.024 

0.029 

2 

.042 

.044 

3 

.054 

.057 
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The experimental values are slightly higher than the theoretical values; 
however , they follow the theoretical trend rather closely. 

Maximum lift .- For the wings of aspect ratio 2 and 3> as shown in 

figure V, there is a definite increase in maximum lift coefficient Cr 

■uaax 

with increasing Reynolds number through the range of these tests. As 
previously explained, because of the limit on the angle -of -at tack range 

of the sting mount, the values of C T for the wing with A = 1 could 

•4nax 

not be included in figure 4 . However, a comparison of that portion of 
the lift curve obtained for the wing with A = 1, particularly at the 
lower Reynolds numbers, with the lift curve for the wing with A = 2 
(fig. 2) shows that the highest values of obtained for the wing 

with A = 1 were generally as high or higher than the C T values 

lj max 

at corresponding R for the wing with A = 2 even though the wing with 

A = 1 had not reached . Therefore, it may be inferred that there 

max 

is an increase in C T as the aspect ratio is decreased from 2 to 1. 

■Snax 

This phenomenon is due to an increase, with decreasing aspect ratio, in 
the relative area covered by the tip vortices, which have the effect of 
preserving reattachment of the flow after separation at the forward part 
of the wing to larger angles of attack. The "bubble" formed by reattach- 
ment of the flow has a definite camber effect, hence, the high lift coef- 
ficients (see, for example, ref. 3)* 

For the wings with leading-edge roughness, there is only a slight 

increase in C T with increasing R and the values of C T are 

nmax Jj max 

lower than the corresponding values for smooth airfoil surfaces. From 
the results of reference 4 , it would be expected that lower values of 
C L would be obtained for wings with leading -edge roughness, 
max 

A comparison of the section maximum lift values (obtained from 

ref. 6) with the values of Ct of figure 4 at Reynolds numbers from 

"max 

0.7 X 10^ to 3*0 x 10^ showed that the section and wing curves of max- 
imum lift against Reynolds number have the same shape. As expected, 
however, the wing maximum lift values are lower than the section maximum 
lift values for both smooth and rough conditions because of the three- 
dimensional effects of the wing. 


CONCLUSIONS 

From an investigation of the aerodynamic characteristics of three 
low -aspect -ratio wings (A = 1, A = 2, and A = 3) with rectangular plan 
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forms, square-cut wing tips, and NACA 0012 airfoil sections at seven 

Reynolds numbers from 0.4 X 10^ to 3*0 X 10^, the following conclusions 
can be drawn: 

1. The lift curves increase in slope beyond the low-angle -of -attack 
linear range, with the bend becoming more prominent as the aspect ratio 
is decreased. In the region where the lift curves start to bend, the 
slope of the curve of pitching moment about the quarter -chord point 
changes from small positive to small negative values. At high angles of 
attack there is a sharp stable break in the moment curve which occurs at 
the stall for the wings of aspect ratio 2 and 3* For the wing of aspect 
ratio 1 the sharp break occurs before the stall, at a point where the 
lift curve shows a reduction in slope. 

2. There is a slight scale effect on the lift -curve slope at zero 
lift. A comparison of the experimental values of lift-curve slope with 
theoretical values obtained by the Weissinger method shows the experi- 
mental values to be slightly higher than predicted by theory. 

3. For the wings with smooth surfaces, there is a definite increase 
in maximum lift coefficient with increasing Reynolds number. For the 
wings with leading-edge roughness added, there was only a slight increase 
in the maximum lift coefficient with Reynolds number. A comparison of 
curves of the wing maximum lift values against Reynolds number with 
similar curves for section maximum lift values shows the curves to have 
the same shape although the wing values are lower than section values 
because of three-dimensional effects. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va . 
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(a) Wing of aspect ratio 1. 

Figure 2.- Lift and pitching-moment characteristics of three low-aspect- vo 

ratio wings of rectangular plan form and MCA 0012 airfoil section. 
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Figure 2.- Continued. 
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Figure 2.- Concluded. h 
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Figure 3*- Variation with Reynolds number of the lift-curve slopes 
at a = 0° of three low-aspect-ratio wings. 
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Figure 4.- Variation with Reynolds number of maximum lift coefficient 
of two low-aspect-ratio wings with smooth and rough leading edges. 
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